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ABSTRACT , , 

The- first part of thi^ publication is a study^of^^'^ 
students* math skills and logical atjilities and ^their Success in an 
introductory college chemist?:y course. A 29- it em instrument iras 
developed an*d^ administered to 3«*3 stud'eats. JTest scores for students 
who received either "A or B in the course were compared with scores 
for tbo$e who received either D or F,^ Statistically significant 
differences^ beyond the .01 level, Vere^ounS' between the two groups. 
A 27-item revision of the test was given^o 371 students in the. same 
^course. Analysis of variance and regression analysis were performed 
on the dat^. It was f oufid that 85% of the. factors explaining a 
•student's success in introductory chemistry were different than the 
math and logic factors found in the test itself, ihe authors suggest 
%hat *such a test be used to help identify students iiho do not 
function at a formal* level in science courses. Part two of this paper 
presents a-'nodel of 14 ^logic-related components directed towards ' 
concepts and problems^ typically found in natural science courses. 
Thi3 model,, it is suggested could serve to assist faculty in making " 
changes in course content and approalch that which would ^maximize the 
likelihood of furthering formal, thought , in students. (MR) - 
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Introduction 



It is becoming increasingly well established that many college students 
fail to use formal thinking patterns when confronted with content and problems 
of ah abstract, fqraal nature. I-Zhile subject matter o£ a formal nature 
is not limited to the "nitural'^ sciences, it' is apparent that much of the 
content of a college chemistry* course, for example, does reqi^i^e what Piaget 
has termed, formal operational, thinking (Inhelder and Piaget, 1958) • 



^ recent praper by Haley and Good (1976) summarizes a number of the studies ' 
which report percentages of college students who ^'operate" (intellectually) 
at k formal level. Although tKp percentages .vary considerably > probably, 
due to sampling and testing variations, it seems reasonably clear ihat 
about one~haJ.f of the studenfes in an introductory college science course / ^ 

do not use formal logic when attempting to solve problems of a formal nature*. 
These "pref orir.al" ^students are (apparently) unable to or^gauize data systematically-^ 
isolate and control variables, identify hypothetical possibilities 'Bigf ore \ \ 
experimentation, or' use proportions, correlations and other logical o^erajtious' 
characteristic of formal thought. The general problem-solving orientation ^ 
of the formal student is from hypothetical possibility to empjfrical prooX^ / 
while the preforma}. (concrete operational) student proceeds in the opposite^ ' 
direction, from concrete experimentation (incomplete and only partially 
sy^te'T-^z^ti.r) fowarri a^^f^mnrft at hypothesizing. Since much of the content 
of ^oller;e-level science (Herron, 197^ and' even high school-level^ science 
(Hartford and Good, 1976) includes abstract concepts and a, formal approach 
to solving problems, the preformal student is left' to "middle and memori2:e'' 



\ 



as best she or he can/ 



Solutions tp the problem include: 1) flunking the pref or*ir.dl-^students , 
,2) "lowering standards" so that all who put forth the effort will pass,, 
or 3) attempting to help preformal college students make the transition 
from concrete to formal thinking. The authors of' this paper believe that 
the third possibility offers the greatest potential, ^f or improving under- 
graduate scienc^ education in tihe long run, even though the task appears 
to be formidable*. A recent study by Lawsou and'^Wollman (1976) provides ^ ^ 
a, somewhat optimistic outlook regarding the likelihood of helping students 
make a translation from concrete thought toward a more forri^al type of functionin 
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l%^orking on. tlie assumption that 'appropriate ins,tp{ict:ion cfan help college 
StudeiVts progress t^^^ward formal thought, the a^fthors of this paper have 
been invo-lved in trying t'O answer 'the follo\^^g* questions: 

1. VHiat; is/^the relatipnship bet\7een/selected math skills and logical 
I abilities and success ia intro^mctory college science courses. 



2. What component's of formal ^tfiought should be incorporated into 
the curriculum '"received^ by college students? 

Part One of t'his paper describes some attempts to answer .the fqrmer quesCion 
and Part Two contains a "mp<3el" that might be used to answer the latter 
question. ' / \ 

Part One : Student^^ Abilities With llath and Logic Problems ^nd Their Success 
in Introc}uctorv,.^eollege Chemistry 

The authors of this paper have been involve^d in the improvement of undergraduate 
science education programs at Florida "State University for several years 
and >decided to investigate the , relationship 'between success in beginning 
c^^i^istry with certain math^ski^ls and selected logical abilities. If 
he lack of formal thinking abilities v/as found to be a major cause of 
student failure or ;aear failure in such a .course, then perhaps a remedial 
program in - thinking could he developed and implemented to help those students 
achieve"* greater success in their major ^fields such as medicine, etc. The ^ 
firs*t s^ep, of course,^ was' to determine what rjslatioaship, if any, existed 
between math and logic skills and success in a course which could be assur.ed ^ ' • 
to' -require formal thought. The whole project came to be kno\fn as Prac t ice, in- Thinkin g, 
the title of an interesting little book writte'n some ye^rs ago by Prof-^ssor " * 
Jay .Yfxnng, who also happened to be 'one of the persons involved dut^^^igthe , * * ' 
early stages of this research and development project. ^^p-r-^ 

The, follov/ing section describes the first phase of project ^IT- the' development 
of an instrument which could be easily 'administered to identify students 
x/ho v/ould v^ry likfeiy have difficulties with* Chemistry, lOl^at F«^U. 

Th^ Jg^'ffil^rument \ . ^'^ '} * * 

Since no appropriate instrument could be found which tested bothiiaath skills ' , 
and general abilAtxin logic, a test x^as developed during the summer of 
1975. The ifesul'ting-^29-ixem, test consisted of 19 math skills questions 
and 10 logic questions/ Math skills , problems included calcultation of s^gnifi- ' 
can^^f igures , fractions, Exponents, ^ and sjimple 'equations x^ith one unloiovm. 
The logic items included simple deduction, possible combinations , perimeter- 
area relations, equilibrium in a beam balatice, 'displacement .volume, probability, 
and CjOrr elation'. Six^of 'the ten logic items were a version of Piaget-type 
intem^iet^; tasks mentioned^ earlier and four of the^ questions were adapted 
from a 'BSCS Xest Of logic." 

Ori^ hundred "and twenty.- tx^o .students in Chemistry IPI, a couifse for science 
or '^cience-fclated^ajors, x;ere given the test during th€! Fall o.f 3^75, 
Viii<ii^\J^\ end of the quarter. - Ta^lc 1 shov;a the descriptive statistics 
of the instrument.';' ^ " ' ^ 
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Ta'ble 1> Descriptive Statistics fpr the Instrument (Sample 1) 



Mean 



S. D. 



Reliability 



Standard Error 



' 4.20 



2.09 



The logic questions proved to 'be quite difficult- for most students. On the 
average, students missed^S of th^.iO items (see items 18-27 in the revised 



/ 



test at the end of Parl^ One) ^ 

I / ' f \^ . . ' 

Difffteulties ihvthe math' skills part o£ the test involved wojd problems or' 
solvpLng equations for lonknowns, * • / * . . 

_ T)t\e /Analysis Procedure ^ * ^ ' . * . 

Students' scores^on the tes't|^were thfen compared with* their grade in the 
chemistry course'^to determine thp nature^ of the^ relationship ^between the 
twd. Those -of us involved with project PIT were primarily interested in 
whether the test would discrini^nate between the A-B studenf and the W-f, 
student, so the procedure for analyzing the data was designed accordingly'. 
Te^'st , -Scores f6v all students receiving ''either' an A or B wkre compared cJ^ith 
sepres for all students receiving a D~or F, \ising the SPSS version 6.0,\ 
^ analysis' of Variance for a one-way design. Group. 1 (all A-'B studei^l^s) was 
compared with group 2 (all D-F students) ' on 1) each ite^n, total on'raath 
Skills, 3) total on logic, 4) total score, and. 5) perc6ntage^ of otnits,. - 



I- 



■ The Second /Sample 



"37 



A second group. cj£ students taking the same courrse the , following quarter 
was administered Ithe same test. The second group c/onsisted of "221 ^sj:*u dents 
and they veve givlen the test at the beginning of tme quarfier rathe^ tjian ^ 
at Ittie end. . Table 2 shows the descriptiW statistics for this se*^co|id, larger - 
*saipole. \ ' ' 

Taible Z Descriptive Statistics for the Instrui^ent 



(Sarapl|^ 2) 



Mean ^. 
k 



S. D, 



Reliability 



Standard Error 



17.68 



4.56 



0.78 



2.U 



1 V • > ' 

T.he data fprom the f ir^^st sample of 120 college students^ takinrg the "Chem" 101 
course werk' ^nalyzcd in the manner just" descrilicd. Table 3^ shows the'^^nature 
of the relationship b^twpen test-'scores for Group l^stu'dents ^A or B in 
course) ancl Group 2 students. (D or/F in course)..; - ' \ 



Table 3'. Analysi-s ! of -Variance of Test Scores, for A-B Students with D-F 
Students (Sample 1, n=70) . » 



Part I: -Math • 
Part ll: Logic' 
Total 
Omits • 



F-Ratio- 
13.159 
6.927 
17.634 . 

7I953 



F-Probabi.lity 

' .001 ■ 

. .010 
• 000 
' ' • .006 



The A-B students scored, significantly higher on both p'arts of the test 
^nd omit; ted significantly fewer items than the D-F students. 

♦ * . ' • 

, VJben the instrument Xv^as again administered iii the Chem 101 course the following 
cjuarter to'221 students, the results shown in Table 4 ware obtained. 

Table*" 4 . Analysis of Variance of Test Scoires for A-B Students with D- 
r Students (Sample 2, N=121) ^ " ' ' / ' 



Par.t^I: Math 
Part II: Logic. 
Total 
'Omits 



F-Ratio 


• F-Probability 


32. 661 


.OGOf 


24.514 


.000 


41.839 * 


.000 






5.531 


.020 



-r 



The *si^es of ^the samples indicated in tables 3 and 4 are smaller than the total 
N to which, the test was administered because all students x^th a gr-ade. 
'ofv^C in- the coiirse v;ere omittedV Also, for sample 2; since the test was 
administered at'the beginning of the course, some students -dropped out. " ^ 
for onk reason or -another . ' "* * , * ■ 

, Teat ^Revision an3 'Further Testing ' : , . ' ^ 

The 29-item PIT^te^t was revised to a# United degree by the authors during^, , 
the gumnier >oir'1976 ar?l^ the result was a^27ritem te_5t (see TabXe^6 ^t; the * 
/end of Pari: One) that x^ould' px^vidc (hopefully) more v-alid ^^i^a. - During \ 
ahe''1976-?7 academic year, the revised test v/as 'adriinistertd ^to another ' ^ 
.371 students in. Chemistry IQl at FSU. ' The results were generally simU^ir,^ 
with an •improvement /in the discrinfinatibn indei: foir 7*^of the 27 it6ms.^ ^ 
The" ^relationship between test scores and course -^grades stayed at. about 
*the s^itie level as 'reported ia/i'abfes' 4 and 5, uslug tl^e 29 - item 'j Lxistrument . 
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An interesting' set of scores resulted from the use* of the revised test 
V7ith ll5 high\school chemistry students', mostly ..juniorls/ Table § shows/^ 
the dbmparisdn of test scores for students xli-^college chemistry and those 
in high school chemist ry« • ' ' ' 

Table 5 . Comparison of Scores^ for High Sc^^ol Chetaistry Students and College 

Chemistry Students on the* Revised PIT Test^ 
1 <? 



Part J: Math 



Part II: Logic \' 
Total 
Omits 




Mea^ Score 
10 ^ 





-The only noticeabJ 
of .the tes^, with 
Both'^groups' SC5 
compaiJLson 
grotips f 
item X, 

equal difficulty fo 



lean Score 
College ' 
12 

*\* 

5 
17 

I 



ference in the results v/as on the"m,ith skills part 
e average favoring coll,ege students by two Items. 
5 out of a possible TO for the* logic problems. A ^ 
ifficulty indexes for the test items showed""that both 
s to be of ^similar difficulty. ' In other words, if . 
for the college students, that item v/as of Jieajiy 
the hi^h school students. ' / 



The overall test reJiability ranged from .74 fpr the high school c^hetnistry^ 
students to .80 for the same revised form administered to^ the college chemistry 
students. * * 



/ 



Sunnukry aad , Discus's! 



test was constructed 
chi^histry course. T 
B in the course v/ere 
^a D ar F. Statistic 
were found .between ti 



In an attempt to determine the ^relationship between "success in introductory 
college chemistry anq selected iuath\skills and logic abilities, k 29-item 

,nd adiuinisteted to 343 students "In an introductory 
t scores for. students who received eitheiy' an A olf 
ompared wit^h" scores for^ students who received eithef 
ly significant differences, beyond the yOl lever,\ 
two ffrouDs * - ^ ■ 



A revision of Vhe tes 
to another 371 studen 
Very* similar to those 
of the items was impr 



two groups < 

resulted in a 27~/tetn instrument which ^jas administered 
s** iu the same chemi!Istry course. The results w^re 
obtained using the orpLginal test and overfull .disicriminat ion 

e;I*. • ^ ' ' ' ' 



• . • ■' • . • - , - 

Although -analy^s Of variance results shewed significant diffeEences"*]3etween. 
A-B students and -Q-F*' students on the test s&ores in, ihtroductbry chemistry, 

re^ressioti analysis" revealed thiit; cm the '"average j' only about 15% of the *- 

variance in course grades .cdufd be accounted for by scores. on the PIT t4st. 
Said another way,_ 85%- of. the factors explaining a student's success In 
introductory chemistry we,re different than the math and* logic factors found ' 
in the test it^s^lf.--, • . , • . ' 

This statistic is a bit puz'zling since h«hly" significant differences in 
test scores were repeatedjty found betweepFA-B students ^rtd D-F fe^tudents. 
One explanation oould be the restricted range in mean scores'^fpr A-B 'students 
and D-F'stWnts.' The jange f or ^m^an s*Cores was* from about 14--15 for^the 
D-F group t'ds^bQut 20 for the A-B group. ^ Increasing tl^total n\imber of 
items would ojE<er a solution 'but at the- same time, it would make 'the test 
less ,desi?able- in terms of .total time -for adiiflnistration.v- * ^ . T 

Another explanation could be the motivation factor, widely assumed to be 
a significant .detepninant in successful navigation through college courses.. 
,If motivation accounts 'for a lar^ part of the unexplained 85% variance 
in^*course grade.s, then, it might be assumed that quizzes, midterms, and 
finals in the themistry course can be passed successfully, *even though 
seemingly important math^ skills and logical abilities are lacking. ' 

In conclusion,, the authors were able to develop a ftest on math skills and 
logic abilities that differentiated between succesj^ful arid imsui^ess.ful 
.students in introductory college chemistry (see Table 6).' Since itj; can 
be administered quickly (30-40, minutes), and eagily to large groups 'of students, 
the instrument could used 'to help some students early in the course, 
identify and attempt to remedy specific shortcpmings in math and logic. • ' 

Table 6 > Revised, 2 7- item. instrument . ' 1 ' ' , ' " 



Pj^ease read : This test has been designed to"* assess certain ^skills 
and -tTiinking abilities which yafre related to success in this course* 
The results will be used to ^ssist^ future students- in -thid. coursers. 
Vho indicate that they ^might have difficulty, with some of the items. 

Please make no marks on^this test,^ Use the -machine-sc6red^response 
sheet {Provided f or^your-^nstv'ers and 'the "x/or^ksheetV for. all calculations, 
reasons, etc. It 'is impbrfc^t to Show how you arrived at your answer. . 
Remember to put your name on both the machine;-sd'ored response sheet 
and the work sheet. Begin when your instructor gives^ the? indication^ 
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. Part f : Math - Skills and Pro^blems' 



Please select the answer whiclj/you calculate to be correct,* show your 'choice ^ 
,in pencil- the inachine— scored response sheet , a^d shbw^your work- or reasons 
on the work sheet. * • * \.* • ' « > 



Calculate 'the value of the follpwing numbers to tHree significant figures-: 
(3.82) X (0.410) = (A) rS'.e, (B) 0*1^6, (O; 1.57, (D) 1.67, (E) 1.48 
2.80 I - O.iflS =- (A)" 2.67,- ^B) 267/ (C) i(,.7 , (D) 28.7, (E) 25, K" 
7-25 - SlS^'ik) 4.07, (B) 6.93, (C) 7.22, '(D) 7.07, (E) 7.568 



1. 

) 

2. 



3. 
4. 




Express 3/8 as a decimal^ ' *(A)' .300, (B) 3.75, tc) .375, (D) .038, (E) .380 



Find" the value of the following and- express in the simplest fractional form: 

■ . , . • --^ ' * . 

5. • 2/3.- 2/6 + 5/7 = (A) 1 i/l8i (B) 1 5/42, (C) 17/21, (D) i 4/21,* (E) 1.1/21. 

6. 2/J ' T 3/4 = (A) 8/21, (^) 6/28, (C) 21/8, (D) 2"/2;L, (E) 57^28 



1 , « — ■ ^ , — 

■ Calculate the value of the following exact numbers: 
> 7.^ 
8. 

9, ' (1/4)^^2.= (A) 1/K, (B) 1/8, <C) 2/8-, '(D)' 1/2, (E) 2/i6' 



(2^ x*2"^^ = (A) -2, (B) 2, (C) 4,*(D) 8, (E)- 16" 
2^, ^\2~^ = (A) 8', (b1.4, (C) 32, (D) 128, (E). 256 



Calculate the value '-(in. scientific notation) of the following exact number^: 



X 10 



LO n (-I'-Xiio"*) (5 X 10 ) = (A) a.V5 X 10 ) , . (B) (-1,5 x loV. 

\ . (C) l-v5 x'ld^),, (D) (1.5 X .10 /■ - 

♦ ^ - 1 ••r. (E) 1.5 X 10"^) ' ■ • •/ . / 



11. (3x 10') - (8 

(D) (i.a:: x lo 



x id^) = (A)' (2.2 10^), (B) (-5 X 10^^), ,(C) p x 10^^), 
^), '(E^- ^2■.4 .X. lOl^) ^ 



-15, (E)\o 



12, 



. I 9 - 

If X f"^:5>^hen' -2x^- xfe.-(A) 35,. <£) -35, <C) .15, (D) 



J.3. Solve the following 
^. - .(B) 24, (C)\30 



equation for x: '3x - 1 r 8 -x/3. ' (Ayj^X/T, 
(D) 5 3^8, (E) 2;7/10, " ^ 



0' 



I. 
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A* person throws 100 darts at* colored balloons. Out of ^lOO throws, 10 red, 15 yellow, 
8 green, and 20 white balloons ^re popped, ^ ^ ' 

14. VHiat percentage of the darts thrown hit red bajlbons? 



(A)' 20, (B) 10, (C)' 5,' (D) 15,^(E) need more infclrjaiation to \ determine 



15 » * What percentage of the darts missed? 

» * 

/■ . (A) 2b;; (?) 53, (C.).46, (D),51, (E-) 47 



17 



16. If 12 apples at 30 cents apiece ^nd 18 pineaRp.les at 5Q cents aWece * ^ 
are purcl^sed, wbat is t^e Stveratge price per item? • \ », 

•« " (A) 45,. (B) 40, (C) 42, (D'), 35, (E) 38 *" \ « 

Four persons A, B, C, and D are involved in a ^'tug-pf-war*" A and*B form 
one team against the other team, C and D. A pulls, only 1/2 as har<i as B. 
If A pulls with a force equal^ to lOd pounds and C pulls with a forcie equal 
to 75'pounds,'how hard do^ D have to pull to .keep the battle Veven?" 



\ 

A w B* ^ ^ . - . ■ . D 

(A) 25 pdunds, (B) 20^(^pounds^^ (C) 175 pounds, /D) 275' pounds, (E) 225 pounds , 





\ 



^- Part life Logic 



Joe. is tHeit'faste^t ^of four men; Bill, the next fastest,; Ken, the nex^fast^stj ^rid D£,y-j 
' the next fastest. The' fastest man has the smallest feet; the n^xt fastest mak the nekt 



smallest feet, and so on. 



\ 



* 18. 



Who has the largest feet?. 



(A) Joe, (50 Bill 



^ (D) Dave, (E) cannot -determine ♦ 



* 19» Who' has Ithe next-to-smallest Jeet? 



(A) joe,l (B)%i^l, (C),Ken, (d) Dave, *"(E). cannot determine* 



/ 



I 



4 



* Adapted frdm a' BSCS test "of logic- by William Gra"^ 
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All of the folio; 




sentences are true: 



The maid likWs her job, the^wife faints,' the cook runs, out the' door , 



and the husband lives. 

A . . . ' 

The wife does^ not faint, the maid likes her Job, the -cook does not 
run-out the door > 'ind 'the husband -lives. 

The wife faiftts,.the cook does not run out ti)te door, the maid does 
not 'l<^p her job^^^giid the Jitesband does not live. ' • ' % 



I'Jhat must be necessary for the husband to live? 



*j 20. (A) the maid likes her job, (B) the wife* faints, (C) the cook cfoi^s not' 

I -run put the 'door, (D) ithe wife does^not faint, (E) -The cook runs\ut 

I the door. • , ' ■ 



Four companies (Ford, G^E., IBM, Po.st) are going to have offices on the first four, 
floors of a new building- ^^Each company may choose any of the. floox-s for its offices; 
No txi^o companies can be on the same floojr. ■ * ^ ' 

Wh^t is the greatest number* of ways that the\ompanie^ offices could be 
arranged on the floors? (A) 8, (B) 12, (C) ■ 16', (D) 24,-^) 30 

Two long pieges of rope, A and B, are -the same length. A<is shaped ' ^' 
. into' a square, B into a rectangle (as in the figure) and ^oth are placed 
^on a- field of grass! Ivliich ^of the following is true? \. ''^ 



* 21, 



22, 



' (A) More grass. inside A^- (B) Nor e .grass inside B (C) Same*<ami>unt 
/-of grass in both, (D) Cannot tell without taking measuremeitts, 
(E) none of the above * ' ' ^ J 





23. 



What will- happen' S& 'the balg.'nce on the left as these .identica,l, ■ drip],ess 
candles burn? : The balances on the right are for your information. • 



.A 



5 



n 



■5 



10 



<A) Side A x^ill go down, (B) Side B mil gb-^doxTn, (C) . neither side 
will go down, (D) First B will go down but, theh come back up, 
(E) First A'will go. 2ovm ^but then come back up» 



.?age 10^ 



2V 



l-Jhat will happen to the water level A, if , the object (rtibber stopper), 
B, which is resting on the bottom pulled up off jthe, bottom so 
thaf the top of the rubber stopper is level with point C? 



B 



(A) A will ^o up.^B) A will. N 
go down, (C) A will not' change/ c 
XD) A wilL first rise anii then fall^ 
(E). cannot detetmine 



26. 



?7 



(A) 1 in 5., ^B). 1 in 8,' (C) 1. in 10, (D) 5 in."20, (E) cannot determine 
.from the above information.^ 

If the deck of- 40 car(J© contair^ IQ cards with bltie.eyes^ and-^ond hair, 
* Id c*a;:ds with blue, eyes and broxm hkir, 1^ cards • with bro\m eyes and' 
blond hair, and 10 cards .i/ith brown 'ey^s and lirown^haiT, the 
chances of 'drawing a face with brown eyes and bro\m hkir from, the 
slmffl-ed cj^ck would b6; (A) 1 in S,' (B) 1 in 4, (C) 1 in- 5, (D) 1 in ,8-, 
' (/E).l in 10 7 • • ^ ' 

kf the posjs^ble combinations df eye and hair colot are always . 
/equal as in question 36, then t he ^ correlation between'eye a^id hair' 
color, for the colors given, ^ill beT'^A) 1, (B) .75, (C) .50, 
(D)..25|; CE) 0, ' ' • ^ , - , 



Vorty playing-cards each- have 'a face drawn on^them. The face can *Kave 
blue or bro\^ eyes and blond or^bro\m hair. 

25. If there were 5 cards with blu^ eyes aiid broxm'hair,' the chances 
of getting .such a card- from .the deck of 40 would b^: ^ . 
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^ * PART TWO . ^ ' ' ' ' ^ ^ . 

- * 'A MOPEL FOR FACILItATING- FORMAL THOITGHT v T 

IN THE COLLECT STUDENT " , ^ " 

Par^ One of this paper Me'alt with the developmeat of a, test, to assess 
math and logic skills and the analysis of the relationship between 
college students' scores on this t^st and their success in an intro- 
ductory chemistry course. This part of the paper preseats* some ideas 
on characteristics of the content ol a course or program designed to 
facilitate formal thought in college students < - A test "such "as the o.ne 
d.escribed in Part One can help to i^tify students who 'do not function, 
at a formal level in science courfes, but it says very little about ' 
what 'might be done to help these students become more "formal operational 
with regard to problem solving. The components of the model described 
on the -following pages could be^ irsed in a variety of ways and some of 
.these applications will be discussed. A model such as the one described' 
on the following pages, could s'erve to a&eist faculty iji making chang^ 
in course content and approach that would maximize the likelihood of 
furthering formal thought, in students. . ^ 

Model Components ^"^^ *\- 

A. Comiiji^tion and Math Skills ^ /^^ U* 

1. ^ Operations with whole, numbers'^ ' • . 

2. Fractions and^ decimals * • - " „ . • ^ 

3. Exponential numbers - • ^ 

4. Solving equations ^ 

B. General-Skills- . • . • . 

Measurement i^olvBLn'g unit notation ^ . . ^ 

,2-. Estimation - "^^^--^ ' , ^ 

3. Organizing and describing , data , , \ ^ ' }^ 

4. .Transposing^ word problems into symbols^'^ , - , • ^[ ^ . 

C. Logic-Related Skills ' ' - 

/1» Making- all possible combinations ' ^ 

2* Using proportions - , ' ^ - . 

' 3,,^,, Making' correlations • » 

4.*^.- Using proJ)ability - . > * „ , ^ ' - . . 

5* • Analyzing and diagramming physical phenomena^ 
^ . 6. ^ Identifying Teleyant . and irrelevant <i^ata " 
. .7. "Defining arid using cpncepts in" terms' of other 'concepts 

\ 8« • Developing hyjiotfheses from dats ' ' 

9. Identifying arid resolving contradictions in data - ■ " 
\ 10. , Making pr^dittions-^'based on .given data ' ^ r ♦ < 
•11/ Designing- controlfed experiment^^.^/ * ' 
12, -^Analyzing and criticizing-experimental design ^ " : i 

13; ^^mparing theories witJi data ^ \ . . '^^ ' . . , 

• 14.^ ■ Gomparing: conflict'ing'-theor^ies - '! - 

' - ' . ^ *\ ^ 
Theoretical Basis ' of .the . Model 

Inhelder.arid Piaget ,(1958). described the growth of logical thinking' 
from childhoSid to adolescence by tracing the* development of mental' 
structured from 1) rthosja which explain the logic of ;?9imple classes "and 



relations with- concrete ^su^ects, to 2) more advlanced structures which * 
allow for hypothetical--deductive logic. It is these more aHvancfed 
structures which constitute the' formal approach required to ^factice * ^ * 
and understand modern science. ^ 

Late^in their bo^ in a .chapter enti/tled "Concrete and Formal Sti?i?ctures," 
Inhelder and PiaCget (1958) desciribe^ eight schemas or special op^ations 
which/explain many of the specific characteristics' of fopnal^thinking, as 
required in the field of science. These schemas- form the Basis./'of the 
model for facilitating formal Nthought* in college student's -and a '^ief 
description of each of theri follows: \' 

1. Combinations . A complete combinatorial system is available 
to the formal thinker -which allows for the testing of 
factors and their combinations • * . / 

j 2. Proportions . Using ratios between factors to determine^ 

other relationships is one of the most common aspects of prob- 
lem solving 'in science. The ability to establish logical pro- 
portions and find quantitative solutiona is characteristic 
of ^the formal thinker. ' , 

\ ' . . ' - r ' 

' 3. Reference Systems . Relativity of motion is a good example 
/ _ of this formal "schema "^J'hich requires a coordination of one 

ref e'rdnce system with .aliotKer. Predictions^ about the motions 
within two -different reference^ systems require the combitx- 
^^ing of both inversions and compensations with respect to each^ 



^gystem. 




4 - y^cm^iLj^Tlxm . A formal concept of ^equilibrium requires mental 
EipTls similar' to ;^t^e previous scnema,"that is, inversions 



^Vrid^^mpensationst ''Ss one^ factoi; in a' system at equilibrium- 
is chafiiged, one or more ^ther "changes might, be necessary to * 
maintain the bal^n^fced ^tate. " " ' * 

■ - V- 

5. ^ Probabilities . 'An'^ccurate notion Ojf the conq,ept.,€)f chance 
occurrence is excj^dingly important in modern sciei^^^j^pd, . 
at the formal le^el, . ref l,ecps an , ability to* reason strictly 
at. the hypoth^ical level first, before empirical tests' are 
tried. 

6. ^ ' Correla£afohs. When causal^ relationshps are not known^ifh 
a^cur^j^y^the canfiirming. cases, must be distinguished from the , 
totaxpossilile ..cases. ' ThrxJugh ^^is process a correlation 
ia/deterriiined and one can see that this concept is* closely 
delated tfi. the concepts of ^proportions^ and corabinatfions. ^ . " 

7. . Compensations . An understanding of tliis concept allows one, 

rfor example, tt> conserve the volui^ of a liquid even^thou^h- the. 
^imensioh^ of its contaiiter are changed. ■ ^'.r ■ . ^ 

Advarfced QgnseTvation . •-An example of a type, of cbnservajjion ' . 
that isVdifficult tp verify in a dirject, positive; way*, is the 
r^principle of inertia-. 'As conyisiri^ed to tne concep^ts of number* 
or?' area or. weight^^ inertia^ is more abstract and> .^therefore, the^ 
proces3 of vexifying/the cqnserv^ation of inertia/ requires^ a 
^mor.e formal deductive approach. ^ ' ^ : / . ^ "^jk - 



These eight formal schem'as combined with the author *s thoughts about- the 
nature of the scientific process, form £he basis of the model" for 
£4cilitating formal thought in college students,, outlined in 'the previo^is 
sectipn. , / , 



- Efrief- Description of Model Components 

*The math skills parjt'of the model was designed for azi introductory 
course in college chemistry and could easily be modified to "fit'' 
physics or other subject matter. 

General skills' included ,1) measurement involving unit notation, 2) 
estimatio.n, 3) , organising and describing data, and 4) ' transposing vord 
problems to symbols. Like math skills, these activities ar^ not * 
seen as requiring "fctrmal^' thought, but they are very important areas 
in which a; student should become faiiriy proficient, - 

General Skills 

1. "Measurement involving unit notation": 

/ 

Real as well'as "mythicalj*^ units are a part of the measurements ' and, ^' , 
again, all exercises and problems^ are keyed to» easily measured ob- ' 
. jects^nd events.- Measurements of "static" objects precede measurements 
of dynamic systems. Mythical units (glerk, medrile,. etc) are u?ed G^o 
emphasize* the importance "of keeping track of units as. well as numbers^ ^ * 
in solving equations. '* * ^ 7 



2. ••Est^imation" : 

<5 



/ 



Estimation -is a powerful technique to determine whether .certain oper^. 
ations ylelS a "sensible" answer. Simple estimation of ^one type /pf'unit 
is followed- by more -complex ^typep where 5, or* 6 different steps ajle ^ 
involved. ' ** . • ' ^ V 

* Example: Estimate the number, of grains lof sand 
Xv^ a teaspoon, given: grains*/ volume 

Example: Estimate the amount of watei;, (weight)^ * 

which would be required to fill the Houston • . ^-^'i. 

Astrodome. ^ . • . 

'3. r''Organi;zing and describing data'*: / • '''^^ 



It is ^easier to "dfee^^ patterns if data are^'organized'in var^ou^ ways. 
Clasa^fyl^ng' and ordering are two importaint processes in- the^early 
gro^Si of logic and^variatidns on the vprocesses continue to help In sc3||.v- 
ing qua ntitative ^roblem6. .The ^en^rai purpose ^bf this component is to 
emphasize t;he ^imp^ottatfc^je.of organizing data^ixl ways .which., help people l;o 
"make mor^ out of 'it. Data from experiments are recorded in' a 

random way^^md then sufccessiv-e '^de~rSndotaiz4ng" , actions are^. taken. 'At* 
first just simple groupings are iriade and finally various, ^types of 
graphing procedures are used, * 



4* 



"Transposing word ptoblems tfo, symbols": 



Identifying relationships among factory in d^^scripii^^^ '"v/p^d" problems 
*nd quantifj^ihg these .relationships is a source of ..g!reat^:dl-f f icUlty 
for many s^iiHents> This component helps, phe studeal^tQ^ s4e the economy 
in allowing ,^ffoobls to^^epiresent various 'factoids iii simple and more 
complex rela^fconships. Starting wit:§'poncretp''s^jtu^^ 
asked to represent t;he, reality using^sjra^^ols^^^ ' 

^ Logic-Rela.tef SkiAW 



students are^ 



/ 



1. "Logic of Cojnbiiiatiocis": 



Beiitg able to combine the relevan£ factors .in aAivert" problem solving 
jsituatlon in all possible -ways is a part of fomal ^bought. . Deter- 
mining, the nature of^the effects of various factors' in a s imp le« pen- 
dulum experiment requires' a complete cojafaiiia^oriar" system to be sure 
that possibly relevant factors ajte Adt jW^ooked. In this component 
students are 'given cbmbinatdriai/ probleji^which can grow out of actions 
with objects. / ^ / * C ' * 



■ ' ■ V' 
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Example: 



Example: You have /|)ne' rep -^aie and <ane white die. » 

How ma^y/ differ eiit combinations are pos-' 
sib3^^Aas:^!ig/bqt;fi dice at once? 

/f 7 

Th|s: weight' of the object . and '3 ength 
of* the .striilg can be varied in an 
experiment/to determine what affect 
'•'the perioa of a ^winging -Object, 
^yinaay'^dif f erent ^Way^^'.tati -the factor^ 
(wMght, length) be varied (to cheq 
ori'tKe effects 3of the swing? 



2. "Logic of /Proportions":; 

Proportional thinking is often involved ^In, solving 
is to predict tlie required change in some- factor 
some change in a related factor. If a variable : 
what corresponding change will restore the ini 
rium? Or given that we have a "certain relatiqnj 



problems ,where one 
a systeih, given 
a system is, changed, 
state of 'ei^uilib- 
between 2 factors-, 



what is the relationship between othei;- related meters? 



Examples A seesaw has^2 persons on 
is^x pounds arid y meters 
> balance p'dint and the ot 
"•^pounds and* y\ .mefers frq 
point. I:^ y ..changes by 
-|to th^ fulcrum) what mii^ 



t, one^ 
oin the 
r -is x' ^ 
tha balance 
0% /.Celpser 
happen ori 



'.the other side to maintain equilib- 



In rolling /dicey, -there should be no rela^tionship (zero correlation) be 
tween*the 'Hip'^ on^ one^ die and 'the "up" number on the othfer die. 

' Students ^tart With random events and then^ begin to look for nonrandora 
_ness (patteriis) .and^try ^to determine the magnitude of tHe relationship 
^Is event alvays Associated with*x or only so often? This notion is' 
obviously, ^closoiyvrelated to probabilit;y* ' ^ , ' • . * ^ • 



4* "Using 7rob^'biiity": 



A' 



This notion is closely ' related to the logic^ of combinations since $ 
except of change dej)ends on an understanding of "what is possible." 
lowing the- chances of rolling a six on a die requires ^ knowledge of 
the total^ossibilitie's and what p^art of the total the six face rep- 
resents. Students' J conduct:, many simple chance .experiments and 
observe and Heduce^tHe probability of certain events occurring^ Other 
data on occurrences of variolas events are also made available and the 
students detertnin^. the '5)rpbabilities* of the events actually happlning. 

5. "Analysing and Diagramming -physical Phenomena": 

Data which are preben^'ed ^jin a "random" manner are sorted out, cate- 
gorized and repreS^ted in 'tables, diagrams, etc. This is an exten- 
sion, of "-Organizing and Describing Data" and is intended Xo inyolve 
actual data collection. . ' , • . * . . 



6. "Identifying Relevant and Irrelevant Dat4"^ 

If a person has a reasonably good grasp \of a p^rablem, he/^he will be 
able |:o^sort out- variables which are probably i^elevant from those 
which' are probatly irrelevant. Espeeially if a \i*eT;ationship among-' 
the variables is given (v = d/t. F = ma, etc.) l6>ie would expect that 
extraneous data could be discarded and -only thS^^t^elevant- datia used. 
Two, different problem "types" are given here a^ examples of ways, to- 



encourage , thought and action about relevant: \and 

* ! \ , V- ■ • ^ 

Problem 'Type l y Determine what affects the rate at whith spherical 
objects ^^roll down an incline.. Rank each factor from most , ^important ^ 
(1) to least important, C ). ' j \ . ' * • 

factors ; -size, weight, hardness, smoothness, color^ mass distri- 
bution (hollow, solid), temtjeirat^ure.*' ' ' 
' h ' ■ ' V 

Problem Type 2 ; The. average velocity of an objiact can be found by 
measuring-how long (time) it takes t6" travel a given distance. Find 
the averaege velocity of a spherical object^i given the Jollbwing data:* 



irrelevant data. 



weight: JLOOO grams ' " 

size: 10 cm- X<ii^^eter)¥*^^;^i^^ ^ 

time of tra^vel:. 10 sec. 
*starting^speed: 0 cm/sec. 
.top speed'i^; Cm/sec. 

distance travelled: 1000 *crn 
/angle of incline: ^ x. degrees 

weight of inclined plane: 10 kg* 



TV 



"Defining ahi i\ 



7. "Def ininjt ahd/lJs!f.ng Concepts -in Term? of Cither Concepts'*: 

Velocity a cqndjfept lis used in defining acceleration and therefoi'e / 
acceleration can jSe' considered a "secOnd-order" operation. J When con- 
crete' operations ate combined thru implication,' conjtinction, .etc. 
form new "propositions!," formal thinking is .occufringV <, J ' 



tc^ 



component should consist mostly of c^combinitig concrete operations, 
into second-prciei: operations and in reducing second-order operations' to the 
'more basic concrete^ op(irations. Attaining revefsibil'ity^in this pig- 
^ cfess should, transcend i:he mechanical manipulation of ^equations as* - 
might be done^ in *^solv:Lng equations." ^ ! * 

* / ^ , ' 

8* "Develppjing' Hypotheses trom Data": . ^ . 




Deve:^|^gf. liypo theses ;|?hich are iLogically related to data requires be- 
ginning somewhat abstract level and then devising means pf testing f 
Jtrfte ^h5TQtH"<^ses. , Ident:j.fying and controlling variables is 'an obvious 
^^act&c here^\^ Students would .be asked to relate hypot*heses from given 
data as weli> as generating their own hypotheses from^ data. An impor- 
'tant' JiechnigW^here is to^.^force" studentg to make logical links' be- 
tween^' data .ana hypotheses^ rather than links ^based on experience. 

9^' "identifying an3 Resolving Contradictions in Data": , • 



^Searching fotl^atterns typically 'in-i^o Ives resolving contradictions iri 
some/of the data. In "The Growth of Logical Thinking," Inhelder and 
Pia^t i4eritify,*the ability to eliminate contradictions as one of the 
cli^r^aoteristics of formal thought. Components 13 and 14 are' closely 
rel^Lted to this competent, but the emphasj.s here is on d'ata, about 
cbnfcrete fevents^ rather than (}a^a-theo,ry compatibility. 



Students qpn do exjpeif^Sents designed to provide ;bontradd.ctions to a 
pattern- of development V)r they -.can consid^er data*presented in tabula^' ■ 
.o^r grapTiic form. /In either ca^;^the ptirpose is to identify and" re- 
» solve th^ contr addictions. The rMs^plsftbr the apparent cprftradictions 
:Ln the data Would 1)^ generated, b^studetits. ,Also<e pctssible reasons 
• .jwould be offered to the students and they ai:e,.to decide which pos'si- 
:^tbi3.ities "make. sense."' ' ' J ^ 

'if 10. "Making Predictions Based on Given'Data": i i . ^ 

Exti^apoli^Jtl^g from given data, is the fopus for this' component Given 
a certairi plfeeni5©f data, what predications xan be derived?' Problems 
can become^moirfe compl&x' as different ty^es of data are brought Into 
^ the picture, as-^n weather .predictions.^ Although^ a knowledge of more 
^weather-related" facto?s^ can allow for -more accurate predictions itc also 
becomes more complicated in trying to coordinate all of .the factors. 
\ . . ' • ^- • - • ' . 

SampJi predicti'o^ri p'atterns can be- based an symbols for otijects or 
dijta from exp^iments.- Whatever tlfie format, the basic* process is the 



'Sam>. 



^^^^^ 
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11. "Designing Controlled Experiment^": - . > ' ^ 

Once factors ^are grouped^'as relevent variables, the process of "£ind~ • 
ing out" can "take place only by changing one thing at a" time, ifn the 
pendulum exp^rVraerit referred to in component 1, factors which might affect 
the rate of. swmg include length of string, weight of tl^e object, size ' 
of '.the object, how the string is attached to the support', height of , 
^release, etc. Controlling^ all variables except one reduces the ex- 
pllriment to essentially one^'variable. ♦ ' 

Students will analyze de'signs of ^mpr^ experiments as well- as design / 
their own. It is important here tasliavesJ.nteraction among students to ^ 
allow Comparison of designs on the same^W^^stigation.^ All .experiments 
should be such that they are a part of the s^b4ent's environment. Ques- 
tions such as thef^e could be posed: ^ ^ - ^ 
1) Can staoker^ identify their oto brand of cigar5lrfe«3? ^\ . 
^2) Can drinkers identify their own brand of, bourbon, scotch, beer, etc 

A lab setting should also be availably with equipment for pursuing con- 
trolled experiments. • ^ * , • p/*' ' ' v ^ 

12. "Analyzing and Criticizing Experimental Design?^-: 

'The nature pf experimental "proof" is seldom clear-cut ,and definite. 
A good experimental design should consider all possible variables and 
t)rovide for proper data analysis. :A faulty design can lead to .mis- . ^ 
leading data and, therefor^e, improper,- conclusions • 

13. ' "Comparing Theories ^ith Data*^: , , 

Are the aVailabfe data consistent with'a given thed.ryX If not,* in what 
ways do the data ^eem to be inconsistent ^t^ith-^ the theory? / 

14. "Comparing Qonf lie ting Theories": . ' ' * / " 

How do theories, which attempt to explain similar phenomena, differ 
and \ what are the strengths and weaknesses of each thegry? Do certain^ 
4ata suggest revision of-part of . a 'theory?- . . 



Discussion 



The 14 logic-related components that^^have been briefly described are 
largely "content-free" even though the model is directed toward cori-^ 
cepfcs and problems typically founS in natural science courses** Just 
how the various components might be ini^orporated^ into a course or^ 
program has yeceivec^^ittle attention up- to this point in the paper* 
there seems to' be general**agree^'ent , however, that formal thought 
sTiould be facilitatfed by teachers*^'': • ^ 

^ 1. Beginning with familiar, .concrete examples.^ < , 

2, Emphasizing *a "noncookbook" laboratory* approach td identifying 
• ' and solving problems. ^ ' ^ ':J r\ 

' ^ • 3. Ques tipping all answers* i 
' * '4. .Intenti^onjally introducing (apjiarent) contradictions that 
*cause cognitiv.e conflict. ' % ^ ' 



• ^EncQuragitlg student interaction in cgil^idering ideas, prob- 
lems,\etc.r U.,„.,:.«I— - \" 
. • 6^. .**^emoving obstacles -to maximum exploratibn of ideas ♦ 

V : "s ■ '■ V • I ■ - .^^ * 

TOe "subject matter"! for such a teaching approach c^uld be specific, 
sticli as cheinistry, oi much more general.. An examgle of a more general 
program' is /'Accent oj Developing Abstract Pro^ess^es of Thp^ht (ADAPT)" ' 

. at the University of pebraska in Lincoln* Robert^ G. Fuller; 'Director, 
and ei^ht ^other facdllty members have developed and implemented k^^Taget- 

, based pro^g^m which constitutes a student *s entire fteshman year. 
Courses in English, hiatory, economics^ physic's, anthropology, and * 

, mathematics 'are 'used 4:6 'as^sist studettts in ^dev^loping formal thought. 
The primary advantage lof "sdch a comprehensive approach is the* ability 

a to create-a total environmWt for the students that, hopefully, does, y 
in fact, facilitate progress* toward formal, abstract thought. An 
obvious disadvantage is the difficulty in coordinating such an effort 
w^ere each, faculty member lends his or her unique interpretation of Piaget* 
theory of cognitive development to' classroom practice. The vaffous 
facto rs that might affect a student * s growth toward formal thought can 
better controlled in, ^ay a single chemistry course, but the*amou\it 
of time a s.tudent is involved is drastically reduced. 



The^authors of this paper had hoped to develop a competency-based prd- 
^'gram consisting of a set of instructional modules based on .the 22 "com-^ 
ppnents" already described. The PLATO computer^ system at FSU was'tOibe^ 
a^major tool in this program, but. a^^^ lack of funds changed the 
^'course of events. Since ,it is Very expens'ive to develop quality in- ' 
structional modules with a computer-based component ^ it now ^ppeai^s 
more realistic to. think in. terms of* an ADAPT-twe approach/ The ii\odel 
proposed in Part Two of this papBr could be used to assist willing 
faculty imnbers in "adapting" their courses to a common core of com- ^ 
pronents. Self-tests should l>e developed to allow a student to deter- * ' 
mine* his/her level of competency (a PLATO-type facility x-zould be 
Valuable for this) to deal with the. various components identified 
in the, proposed model for facilitating formal thou^t in college 
students,,^, ,,^While ample tirite .must be provided for -studer^ts to become . 
better •able to deal with problems requiring, formal thought^ th6 pro- 
gram should be^^mpetency-based rather than time-Based.* That is the 
^level of competency of "making combinations" or "using proportions" 
or "designing controlled experiment's," etc. should be. c<5$Cretely defined 
'*t5o allow for .variations in the'rate at which "stuSents progress" tox-zard 
fonu|^l reasoning ability.^ Onoe the components for a working model of 
formal thou^t can be agreed upon, the corresponding "comp.etencies'/ 
Q^n be identified for ihdividual coui^^ in chemistry and other areas 
o^r for more '^comprehensive programs such as ADAPT. The "model" outr 
lined in th:J:s papei^ represents one attempt aV defining formal thought, 
ttiat_is comiSoilly required in modern science aourseS. Such a model 
will probably be useful 6nly if the reader already had some* under- 
standing of the grawt^i of logical thought as/ defined by Piaget^s w^^.. * 
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